Ray RM, Jin S, Bavaria MN, Johnson LR. Regulation of JNK activity in the apoptotic response of intestinal epithelial cells. Am J Physiol Gastrointest Liver Physiol 300: G761-G770, 2011. First published February 24, 2011 doi:10.1152/ajpgi.00405.2010.-We have studied apoptosis of gastrointestinal epithelial cells by examining the receptor-mediated and DNA damage-induced pathways using TNF-␣ and camptothecin (CPT), respectively. TNF-␣ requires inhibition of antiapoptotic protein synthesis by cycloheximide (CHX). CHX also results in high levels of active JNK, which are necessary for TNF-induced apoptosis. While CPT induces apoptosis, the increase in JNK activity was not proportional to the degree of apoptosis. Thus the mechanism of activation of JNK and its role in apoptosis are unclear. We examined the course of JNK activation in response to a combination of TNF-␣ and CPT (TNF ϩ CPT), which resulted in a threeto fourfold increase in apoptosis compared with CPT alone, indicating an amplification of apoptotic signaling pathways. TNF ϩ CPT caused apoptosis by activating JNK, p38, and caspases-8, -9, and -3. TNF-␣ stimulated a transient phosphorylation of JNK1/2 and ERK1/2 at 15 min, which returned to basal by 60 min and remained low for 4 h. CPT increased JNK1/2 activity between 3 and 4 h. TNF ϩ CPT caused a sustained and robust JNK1/2 and ERK1/2 phosphorylation by 2 h, which remained high at 4 h, suggesting involvement of MEKK4/7 and MEK1, respectively. When administered with TNF ϩ CPT, SP-600125, a specific inhibitor of MEKK4/7, completely inhibited JNK1/2 and decreased apoptosis. However, administration of SP-600125 at 1 h after TNF ϩ CPT failed to prevent JNK1/2 phosphorylation, and the protective effect of SP-600125 on apoptosis was abolished. These results indicate that the persistent activation of JNK might be due to inhibition of JNK-specific MAPK phosphatase 1 (MKP1). Small interfering RNA-mediated knockdown of MKP1 enhanced TNF ϩ CPT-induced activity of JNK1/2 and caspases-9 and -3. Taken together, these results suggest that MKP1 activity determines the duration of JNK1/2 and p38 activation and, thereby, apoptosis in response to TNF ϩ CPT.
camptothecin; caspase-3; caspase-9; MEKK4/7 MITOGEN-ACTIVATED PROTEIN (MAP) kinases (MAPKs) are key components of cellular signal transduction pathways and are activated in response to a wide variety of external stimuli. They can be subdivided into the growth factor-activated MAPKs (ERK1 and ERK2) and the stress-activated MAPKs [JNK, SAPK1, and p38 (SAPK2)] (1, 8, 26, 39, 51) . MAPKs relay, amplify, and integrate signals to elicit appropriate cellular responses, such as cell proliferation, differentiation, inflammation, and apoptosis. MAPK activity is dependent on phosphorylation of the threonine and tyrosine residues of the TXY motif within the activation loop of the specific upstream kinase. Phosphorylation of both residues is required for activity, and dephosphorylation of either residue is sufficient to inactivate them. ERK1/2 and JNK1/2 are activated by the upstream kinases MEKK1 and MEKK4/7, respectively. Their activation leads to the phosphorylation of ERK1/2 and JNK1/2 and the subsequent activation of transcription factors and other cellular targets (8, 13, 31, 34) . Protein tyrosine phosphatases, serine/ threonine-specific protein phosphatases, or dual-specificity (threonine/tyrosine) protein phosphatases dephosphorylate and inactivate MAPKs (10, 16) .
The prototypic dual-specificity MAPK phosphatase MKP1 is able to dephosphorylate and inactivate mitogen-and stressactivated isoforms of MAPK in vitro and in vivo (2, 20, 29, 36, 43, 50) . MKP1, an inducible nuclear phosphatase, dephosphorylates MAPKs with varying affinity, such as p38
MAPK ϾϾՆ JNK ϾϾ ERK1/2 (10, 16, 17) , with a higher affinity for ERK2 than ERK1 (41) . MKP1 forms physical complexes with MAPK isoforms, resulting in increased catalytic activity of MKP1. Franklin and Kraft (17) showed that the induction of MKP1 expression in U937 cells preferentially inhibited JNK. Moreover, expression of MKP1 protected cells against JNK-induced apoptosis (18, 40) . Thus the duration and magnitude of the activation state of MAPKs depend on the relative levels of activated MEKKs and MKPs.
TNF-␣, a pleiotropic cytokine, induces cell death in some types of cells but can also elicit a wide range of physiological responses, such as inflammation, proliferation, and differentiation (11, 31, 32, 46) . Although TNF-␣ induces apoptosis in many cell types, TNF-␣ alone does not induce apoptosis in intestinal epithelial (IEC-6) cells. Inhibition of de novo protein synthesis by cycloheximide (CHX) induced apoptosis in response to TNF-␣, which was accompanied by activation of ERK1/2 and JNK1/2 (4 -6, 37). However, ERK activity decreased, while JNK activity increased, with time during apoptosis (5) . Inhibition of MEK1 and MEKK4/7, activators of ERK1/2 and JNK1/2, by U-0126 and SP-600125, respectively increased and inhibition of MEK1 by SP-600125, an inhibitor of MEKK4/7, prevented apoptosis in response to TNF-␣ ϩ CHX. These results confirmed the pro-and antiapoptotic nature of JNK1/2 and ERK1/2, respectively (4, 5) . Various studies, including our own, showed that inhibition of transcription or translation unleashed the proapoptotic effects of TNF-␣ by activating JNK (4, 5, 12, 23, 46) . Interestingly, TNF-␣ or CHX alone could not activate sufficient JNK1/2 and failed to induce apoptosis. Thus the effects of transcription and translation inhibitors were attributed to prevention of the synthesis of antiapoptotic proteins, which allowed TNF-␣ to form a death complex and fulfill its apoptotic potential. Although the involvement of JNK in TNF-␣ ϩ CHX-induced apoptosis is established, the mechanism by which sustained activation of JNK occurs in response to TNF-␣ is unknown. We previously showed that camptothecin (CPT) induced apoptosis predominantly by activating p53-dependent Bax expression and that JNK inhibition by SP-600125 sensitized cells to CPT-induced apoptosis (7) . These results suggest that basal JNK activation is required for survival of cells.
We attempted to find an agent, other than CHX, that, in combination with TNF-␣, would activate JNK and induce apoptosis to understand the mechanism and to eliminate the complexity of the de novo protein inhibitor. Since mitochondrial permeability transition occupies a central position in receptor-and DNA damaging agent-induced apoptosis, we speculated that CPT might sensitize cells to TNF-␣ by augmenting JNK activity. Therefore, we examined the duration and strength of JNK activity in response to a death receptor ligand (TNF-␣) and a DNA-damaging agent (CPT). CPT alone induced apoptosis without appreciable activation of JNK1/2. Apoptosis was significantly enhanced when TNF-␣ was administered along with CPT, which produced a concomitant activation of ERK1/2 and JNK1/2. We used this model to understand the regulatory mechanisms controlling the activity of JNK1/2. Our results show that MEKK4/7 and MKP1 augment the activities of JNK1/2 and p38, leading to increased apoptosis in response to TNF ϩ CPT in IEC-6 cells.
MATERIALS AND METHODS
Reagents. TNF-␣ was obtained from Pharmingen (San Diego, CA). CPT and CHX were obtained from Sigma (St. Louis, MO). The fluorometric caspase substrates IETD-aminotrifluoromethylcoumarin (AFC; caspase-8), LEHD-AFC (caspase-9), and DEVD-AFC (caspase-3) were purchased from Biomol Research Laboratories (Plymouth Meeting, PA). The cell-permeable caspase inhibitors IETD-fluoromethylketone (FMK), LEHD-FMK, and DQMD-FMK, SP-600125 (a JNK1/2 inhibitor), and SB-203580 (a p38 MAPK inhibitor) were purchased from Calbiochem (La Jolla, CA). Mouse anti-phospho-JNK1/2, rabbit anti-JNK1/2, rabbit antiprocaspase-3, rabbit anti-phospho-ERK1/2, rabbit anti-ERK1/2, rabbit anti-cleaved caspase-3, and mouse anti-caspase-9 were purchased from Cell Signaling (Beverly, MA). Mouse anti-actin antibody was purchased from Millipore (Billerica, MA). The MKP1 small interfering RNA (siRNA) and antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Thr/Tyr-phosphorylated MAP-(177-189) peptide and malachite green reagents were purchased from Enzo Life Sciences (Plymouth Meeting, PA). The Cell Death Detection ELISA Plus kit was purchased from Roche Diagnostics (Indianapolis, IN). Mammalian protein extraction reagent (M-PER) and the bicinchoninic acid (BCA) protein assay reagent kit were purchased from Pierce (Rockford, IL). The enhanced chemiluminescence (ECL) Western blot detection system was purchased from DuPont-New England Nuclear (Boston, MA). The IEC-6 cell line (CRL 1592) was obtained from the American Type Culture Collection (Manassas, VA) at passage 13. This cell line is derived from normal rat intestine and was developed and characterized by Quaroni et al. (35) . These cells are nontumorigenic, originate from the intestinal crypt as judged by morphological and immunologic criteria, and retain the undifferentiated character of epithelial stem cells. Tests for Mycoplasma were always negative. All chemicals were of the highest purity commercially available.
Cell culture. The stock cell culture was grown in DMEM containing 5% heat-inactivated FBS, 10 g/ml insulin, and 50 g/ml gentamicin sulfate in T-150 flasks and incubated at 37°C in a humidified atmosphere of 90% air-10% CO 2. Stock cells were passaged once weekly and fed three times per week, and passages 15-22 were used. During the experimental setup, cells were trypsinized with 0.05% trypsin and 0.53 mM EDTA and counted using a Coulter counter (model Z1, Beckman). For the 4-day experimental setup, cells were grown in DMEM-5% dialyzed FBS to confluence for 3 days; on day 4, they were washed once with HBSS and placed in serum-free medium for 24 h prior to experiments.
Apoptosis. Cells were plated (day 0) at a density of 6.25 ϫ 10 4 cells/cm 2 in DMEM-dialyzed FBS, with triplicate samples for each group. Cells were fed on day 2. On day 3, the cell culture medium was removed and replaced with serum-free medium. On day 4, TNF-␣ (10 ng/ml), CPT (20 M), or TNF-␣ ϩ CPT (TNF ϩ CPT) was added to the serum-free medium for the indicated time period. In some experiments, cells were preincubated with the inhibitors IETD-FMK (25 M) and LEHD-FMK (25 M).
Quantitative DNA fragmentation ELISA. The protocol for quantitative DNA fragmentation ELISA was similar to that described previously (23) . Briefly, cells were grown in 24-well plates for DNA fragmentation ELISA assay and protein determination. After the treatments, cells were washed with dialyzed PBS, lysed, and centrifuged to remove the nuclei. An aliquot of the nuclei-free supernatant was placed in streptavidin-coated wells and incubated with antihistone-biotin antibody and anti-DNA peroxidase-conjugated antibody. After incubation, the sample was removed, the wells were washed three times with incubation buffer, 100 l of substrate buffer containing 2,2=-azino-di(3-ethylbenzthiazolin sulfonate) were added to each well, and samples were incubated for an additional 5-10 min. Absorbance was read at 405 nm in a microplate reader. After protein concentrations of each samples were determined by the BCA method, triplicates of the samples were combined and kept at Ϫ80°C for further immunoblot analysis. Results were expressed as absorbance at 405 nm per milligram protein per minute.
Caspase activity assay. After the treatments, monolayers were washed with dialyzed PBS, scrapped, and collected into Eppendorf tubes. The cells were collected by centrifugation, incubated with ice-cold cell lysis buffer, and centrifuged at 10,000 g for 10 min at 4°C. The supernatant fraction was used to measure the activities of caspases. Briefly, 10 l of cell lysate and 90 l of assay buffer (50 mM HEPES, pH 7.4, 0.1% CHAPS, 100 mM NaCl, 10 mM DTT, and 1 mM EDTA) containing caspase-3, -8, or -9 fluorometric substrate at a final concentration of 18 M were placed in each well in a 96-well plate, which was incubated at 37°C for 2 h. Release of AFC from peptide substrate was monitored at an excitation wavelength of 400 nm and an emission wavelength of 520 nm. Protein concentration was determined by the BCA method. The index of casapse activation was calculated as relative fluorescence units (RFU) per milligram protein per minute.
Cell lysate preparation. The cell monolayers were washed twice with ice-cold dialyzed PBS, pH 7.4, and 350 l of M-PER buffer containing protease inhibitor and phosphatase inhibitors were added to the plate. The cells were incubated on ice for 15 min, harvested using a rubber scraper, transferred to 1.5-ml microfuge tubes, and centrifuged at 14,000 g for 10 min at 4°C, and supernatants were collected. BCA protein assay reagents, with BSA used as a standard, were used to determine protein concentration.
MKP1 activity. IEC-6 cells left untreated or treated with TNF-␣, CPT, or TNF ϩ CPT were washed with Tris-buffered saline, and lysates were prepared. Twenty microliters of cell lysate were incubated with or without diphosphopeptide substrate (200 M) in a 96-well plate. A diphosphopeptide, with the sequence DHTGFLpTEpYVATR, corresponding to MAPK residues 177-189 inclusive of putative activation sites, was used as a substrate. The amount of inorganic phosphate released upon hydrolysis of substrate peptide by phosphatase was measured using the malachite green reagent according to the manufacturer's instructions. Appropriate controls were included to validate the assay.
Small interfering RNA transfection. Seventy percent confluent IEC-6 cells were transfected with control and MKP1-specific siRNA. Briefly, siRNA complexes prepared using FuGENE 6 HD transfection reagent following the instructions provided by the manufacturer were added drop-wise onto cells in serum-free medium and incubated overnight. Cells left untreated or treated with TNF-␣ or TNF ϩ CPT were lysed in M-PER containing inhibitors of proteases and phosphatases. Cell lysates were subjected to Western blot analysis for detection of MKP1 to confirm knockdown of MKP1 by siRNA, JNK1/2 and p38 phosphorylation, and activation of caspases.
Western blot analysis. Proteins (25 g) precipitated by TCA were dissolved in 1ϫ SDS sample buffer. The protein samples were subjected to 10 -15% SDS-PAGE and transferred to Immobilon-P membranes (Millipore). The membranes were blocked with blocking buffer (3-5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20) for 2 h and incubated with the indicated antibodies prepared in blocking buffer overnight at 4°C. All antibodies, except anti-actin, were diluted 1:1,000; anti-actin was diluted at 1:20,000. Membranes were subsequently incubated with appropriate secondary antibody conjugated to horseradish peroxidase at room temperature for 1 h, and immunocomplexes were visualized by the ECL detection system.
Statistics. All experiments were repeated three times (n ϭ 3). Data are expressed as means Ϯ SE. Experiments involving Western blots were performed three times with similar results, and a representative blot is shown in each case. ANOVA with appropriate post hoc testing was used to determine the significance of the differences between the means of multiple treatments, and Student's t-test was performed to determine the significance of the differences between the means of two treatments. P Ͻ 0.05 was regarded as statistically significant.
RESULTS

TNF ϩ CPT causes apoptosis and activates JNK1/2.
Since CPT induced apoptosis in intestinal epithelial cells with a modest activation of JNK1/2 and TNF-␣ alone failed to induce apoptosis (4, 37), we examined responses to TNF ϩ CPT. Consistent with our previous studies, CPT induced significant (ϳ10 fold) apoptosis compared with untreated cells, while TNF-␣ failed to do so. TNF ϩ CPT significantly increased (ϳ4 fold) apoptosis over that observed in cells treated with CPT alone (Fig. 1A) . Furthermore, apoptosis correlated with increases in the processing of procaspases (Fig. 1B) , as judged by decreases in the levels of procaspases-9 and -3, subsequent increases in the levels of active fragments of both caspases (Fig. 1B) , and increases in their enzymatic activities (Fig. 1C) . In addition, TNF ϩ CPT also increased caspase-8 activity (Fig.  1C) . The specific activity of caspase-3 (U·mg protein Ϫ1 ·min
Ϫ1
) was approximately equal to the sum of the activities of caspases-8 and -9, suggesting that caspases-8 and -9 activated caspase-3. Inhibition of caspases-8 and -9 significantly decreased TNF ϩ CPT-induced apoptosis, as judged by the DNA fragmentation assay (Fig. 1D) . However, the inhibition of apoptosis was significantly greater in caspase-8-inhibited cells than cells treated with caspase-9 inhibitor (Fig. 1D) . Although TNF ϩ CPT increased JNK1/2 and ERK1/2 phosphorylation at 4 h (Fig. 1B) , CPT alone increased ERK activity, which was undetectable in TNF-␣-treated cells. Interestingly, p38 MAPK (also called SAPK2) activity was significantly augmented by TNF ϩ CPT compared with TNF-␣ or CPT alone (Fig. 1B) . Since we have shown that ERK1/2 protected cells against apoptosis, these results suggest that the increased apoptotic response to TNF ϩ CPT was due to increased activity of JNK1/2 and p38.
MAPK activation during apoptosis. We examined the time courses of JNK1/2 and ERK1/2 activation by TNF-␣, CPT, and TNF ϩ CPT to clarify their involvement in apoptosis. JNK1/2 and ERK1/2 activities were increased to a similar extent by TNF-␣ within 15 min and declined thereafter ( Fig. 2A) . JNK activity remained slightly elevated until 180 min compared with untreated cells. Unlike TNF-␣, ERK1/2 activity was cyclic in nature in response to CPT. CPT had a moderate effect on JNK1/2 activity ( Fig. 2A ). JNK1/2 activity was induced by TNF ϩ CPT at 15 min ( Fig. 2A) , was sustained until 120 min, and further increased at 3 and 4 h ( Fig. 2A ). ERK1/2 activity followed a pattern of activation similar to that of the CPTtreated cells. Increased JNK1/2 activity correlated with activation of caspases-9 and -3, as seen by the decrease and increase in the levels of pro-and active caspases-9 and -3, respectively (Fig. 2B) . Interestingly, caspase-3 activation began at 2 h and increased thereafter (Fig. 2B) .
Role of MEKKs. Since TNF-␣ increased JNK1/2 within 15 min, cells treated with TNF ϩ CPT for 15, 30, and 60 min were washed and further incubated in a medium without treatment (total exposure time 4 h) to evaluate apoptosis. TNF ϩ CPT exposure for up to 60 min failed to induce apoptosis and only slightly increased JNK1/2 activity (Fig. 3, A and B) . However, TNF ϩ CPT exposure for 4 h significantly increased apoptosis and JNK1/2 activity and caspase-9 and -3 activities (Fig. 3, A  and B) . These results indicate that the initial phase of JNK1/2 activation within 15 min is insufficient to induce apoptosis and that sustained activation at 3 h is essential.
SP-600125, a specific inhibitor of MEKK4/7 (2, 3) and, thereby, JNK1/2, was used to determine the role of JNK1/2 in the TNF ϩ CPT-induced activation of caspases. SP-600125 (10 M) inhibited JNK1/2 phosphorylation, decreased the processing of procaspase-9, and decreased the levels of active caspases-9 and -3 (Fig. 3C) . Enzymatic activities of caspases-8, -9, and -3 were also inhibited in SP-600125-treated cells compared with TNF ϩ CPT-treated cells (Fig. 3D) . We confirmed the proapoptotic nature of JNK activation in response to TNF ϩ CPT using a dominant-negative (DN) JNKtransfected stable cell line. TNF ϩ CPT failed to cause DNA fragmentation in DN-JNK cells compared with vector-transfected cells (Fig. 3E) . We previously reported that DN-JNK prevented TNF ϩ CHX-induced apoptosis (4), which is similar to the response to TNF ϩ CPT. Since TNF ϩ CPT induced p38, we determined whether p38 inhibition prevented apoptosis. SB-203580, a specific inhibitor of p38, significantly decreased TNF ϩ CPT-induced apoptosis (Fig. 3F) . These results suggest an important role for the upstream kinase in the regulation of JNK1/2 and p38 (SAPKs) phosphorylation and its subsequent function in cell survival or apoptosis.
Although the above-described results demonstrate that upstream kinases are essential for the regulation of SAPKs, it is unclear whether TNF-␣ or CPT activates them. To gain insight into the process, cells were exposed to TNF-␣ or CPT at 0 h and CPT or TNF-␣, respectively, was added at different time points. At the end of 4 h of DNA fragmentation, JNK1/2 phosphorylation and the levels of active caspases-9 and -3 were measured. Addition of TNF ϩ CPT at 0 h caused maximum apoptosis (DNA fragmentation), JNK1/2 phosphorylation, and activation of caspases-9 and -3 (Fig. 4, lane B) . When CPT was given at different time points to the cells exposed to TNF-␣ at 0 h, DNA fragmentation decreased significantly in a timedependent manner (Fig. 4 , bars C-E) compared with cells exposed to TNF ϩ CPT for 4 h. Addition of CPT at 2 h failed to cause apoptosis in TNF-␣-exposed cells (Fig. 4, bar E) . The extent of apoptosis directly correlated with the activation of JNK1/2 and caspases-9 and -3. Although a similar pattern was observed when cells were exposed to CPT at 0 h followed by TNF-␣ (Fig. 4, bars F-H) , the extent of DNA fragmentation was significantly lower. Procaspase-9 cleavage and caspase-3 activation were more pronounced when TNF-␣ was administered at 0 h followed by CPT after 30 min. However, procaspase-9 cleavage and caspase-3 activation decreased when CPT was given at 0 h followed by addition of TNF-␣ at 30 min (Fig. 4, bars C and F) . These results suggest that the signaling events initiated by TNF ϩ CPT during the first 30-min exposure lead to maximal activation of JNK1/2 and apoptosis. Thus it appears that TNF-␣-induced JNK1/2 activity was sustained by CPT.
We further examined the role of upstream kinases in an experiment in which cells treated with TNF ϩ CPT were exposed to SP-600125 at different time points. Figure 5 shows that SP-600125 prevented JNK1/2 activation and apoptosis only when added along with TNF ϩ CPT (Fig. 5, bar D) . Although SP-600125 addition 1 h after TNF ϩ CPT failed to prevent apoptosis, the levels of phosphorylated JNK1/2 were higher than in untreated cells but lower than in TNF ϩ CPT-treated cells. SP-600125 added 1 h after TNF ϩ CPT failed to prevent the processing of procaspases-3 and -9 and, thereby, their activation as judged by the increased levels of active fragments. Interestingly, SP-600125 had no effect on the activation of ERK1/2. The levels of total JNK1/2 and ERK1/2 remained unchanged throughout the experiment. Thus the levels of activated JNK1/2 in the SP-600125-treated cells (1 h after TNF ϩ CPT) are sufficient to induce Fig. 1 . Effect of camptothecin (CPT), TNF-␣, and CPT ϩ TNF on induction of apoptosis. A: intestinal epithelial (IEC-6) cells were left untreated (UT) or exposed to TNF-␣ (10 ng/ml) (TNF), CPT (20 M), or TNF-␣ ϩ CPT (TNF ϩ CPT) for 4 h. DNA fragmentation was measured using a colorimetric ELISA kit. OD, optical density. Values are means Ϯ SE of triplicates. *Significantly different from UT. #Significantly different from CPT. B: cell extracts (25 g) from experiments described in A were subjected to SDS-PAGE followed by Western blot analysis. Levels of procaspase-9, active caspase-9, procaspase-3, active caspase-3, and total MAPKs (ERK1/2, JNK1/2, and p38) and phosphorylated MAPKs (p-ERK1/2, p-JNK1/2, and p-p38) were determined using specific antibodies. Actin immunoblotting was performed as an internal control for equal loading. Blots are representative of 3 observations. C: confluent serum-starved cells treated as described in A were used to determine enzymatic activities of caspases-8, -9, and -3. Values are means Ϯ SE of triplicates. *Significantly different from UT and TNF-␣. #Significantly different from CPT. D: confluent serum-starved cells were treated with TNF ϩ CPT in the presence or absence of inhibitors of caspase-8 or -9 for 4 h. Apoptosis was measured as described in A. Values are means Ϯ SE. *Significantly different from UT. #Significantly different from CPT ϩ TNF. apoptosis and may be sustained by processes other than activation by MEKK4/7.
Role of MKP1 in JNK1/2 activation. Our results confirm the involvement of MEKKs in the regulation of JNK1/2 and also suggest the requirement of another regulatory protein for the maintenance of phosphorylated JNK1/2. The increased phosphorylation of JNK1/2 in the presence of SP-600125 could be due to the inhibition of JNK1/2 dephosphorylation. Since MKP1 is known to dephosphorylate MAPKs, we determined the levels of MKP1 and its catalytic activity. TNF-␣ slightly increased the levels of MKP1, while CPT and TNF ϩ CPT greatly induced MKP1 at 4 h (Fig. 6A) . However, MKP1 induction was detectable in response to TNF only during the early phase of treatments (15 and 60 min; Fig. 6B ). CHX completely inhibited the expression of MKP1 in response to CPT, confirming the inducible nature of MKP. The levels of protein phosphatase 2A were unchanged in all the treatment groups. MKP1 activity was significantly increased by TNF-␣ alone within 15 min and remained higher throughout the time course (Fig. 6C) . Although MKP1 protein levels were increased by CPT, MKP1 activity was significantly lower than in untreated and TNF-␣-treated cells (Fig. 6C ). MKP1 enzymatic activity was significantly decreased in TNF ϩ CPT-treated cells at 4 h compared with cells treated with TNF-␣ and CPT alone (Fig. 6C) . These results suggest that the enzymatic activity of MKP1 determines the levels of JNK activity and, thereby, apoptosis in response to TNF ϩ CPT. To confirm the involvement of MKP1 in TNF ϩ CPT-induced JNK1/2 activity, cells were transfected with MKP1-specific and control siRNAs. We used a mixture of three MKP1-specific siRNAs for the effective knockdown of MKP1 expression. TNF ϩ CPT induced massive apoptosis within 2 h in MKP1 siRNA-transfected cells compared with similarly treated control cells. Therefore, the experiment was terminated at 2 h. TNF ϩ CPT significantly increased MKP1 protein, and basal, as well as the TNF ϩ CPT-induced, MKP1 protein decreased in cells transfected with MKP1 siRNA compared with control cells (Fig. 7) . Furthermore, TNF ϩ CPT-induced JNK1/2 and p38 phosphorylation was manyfold higher when the phosphatase was blocked than in similarly treated control cells. The activities of JNK1/2 and p38 correlated with the activities of caspases-9 and -3. However, MKP1 knockdown had no effect on TNF ϩ CPT-induced ERK1/2 activity (Fig. 7) . MKP1 siRNA failed to (25 g ) were subjected to 12% or 15% SDS-PAGE followed by Western blot analysis for detection of total and phosphorylated forms of JNK1/2 and ERK1/2 using specific antibodies. B: levels of pro-and active caspases-9 and -3 were determined using specific antibodies. Actin immunoblotting was performed as an internal control for equal loading. Blots are representative of 3 observations. induce JNK1/2 activity and apoptosis in cells treated with TNF-␣ alone (data not shown).
DISCUSSION
The SAPKs play crucial roles in regulating cellular responses to various forms of stress (31) and determine whether cells survive or undergo apoptosis in response to a variety of stimuli. JNK is regulated by upstream kinases, including MEKK4/7, which activate it by phosphorylating Thr 183 and Tyr 185 (25) . JNK-mediated phosphorylation of c-Jun, ATF2, p53, and Bad is implicated in the induction of apoptosis and survival (14, 15, 19, 21) . The degree and duration of JNK activity are determined by several MAPK phosphatases, as well as by scaffold proteins, including JIP1-4 and POSH (22,  24, 47, 49) .
In IEC-6 cells, TNF ϩ CPT induced apoptosis and activated JNK1/2 analogous to TNF ϩ CHX, while CPT alone was less effective. We have shown that inhibition of JNK1/2 sensitized cells to CPT, while CHX inhibited CPT-induced apoptosis and p21
Waf1/Cip1 expression but had no effect on p53 phosphorylation (7). CPT induced apoptosis by increasing the expression and phosphorylation of p53, which in turn increased p21 Waf1/Cip1 , Bax, and apoptosis. Recent reports indicating a role for p21
Waf1/Cip1 as an inhibitor of JNK1/2 may explain the lack of JNK induction by CPT (19, 37) . TNF-␣ is known to activate caspase-8 through the TNF receptor-mediated death complex. Activated caspase-8 directly activates caspase-3 and initiates Bid-mediated cytochrome c release from mitochondria, leading to the activation of caspase-9 and, subsequently, additional caspase-3, thus amplifying apoptotic signaling (15, 33, 38, 44 , Fig. 3 . Persistent signaling by TNF ϩ CPT is essential for the activation of JNK1/2. A: control cells left untreated or exposed to TNF ϩ CPT for indicated time periods followed by washing with control medium were further incubated without TNF ϩ CPT for up to 4 h. DNA fragmentation was measured to assay apoptosis. Values are means Ϯ SE of triplicates. *Significantly different from all groups. B: cells were treated as described in A, and whole cell extracts (25 g) were subjected to electrophoresis (SDS-PAGE) followed by Western blot analysis for detection of phosphorylated JNK1/2 and respective total JNK1/2 (t-JNK1/2) proteins using specific antibodies. Levels of active caspases-9 and -3 were determined using specific antibodies. Actin immunoblotting was performed as an internal control for equal loading. Blots are representative of 3 observations. C: cells were exposed to TNF ϩ CPT in the presence or absence of SP-600125 (10 M) for 4 h. Whole cell extracts (25 g) were subjected to SDS-PAGE followed by Western blot analysis for detection of phosphorylated JNK1/2 and respective total proteins using specific antibodies. Levels of pro-and active caspases-9 and -3 were determined using specific antibodies. D: cells were exposed to TNF ϩ CPT in the presence or absence of SP-600125 (10 M) for 4 h. Enzymatic activities of caspases-8, -9, and -3 (Casp-8, -9, and -3) were determined from extracts prepared as described in MATERIALS AND METHODS. Values are means Ϯ SE of triplicates. *Significantly different from TNF ϩ CPT. E: vector and dominant-negative (DN) JNK-transfected cells were treated with TNF ϩ CPT for 4 h, and DNA fragmentation was measured to assay apoptosis. Values are means Ϯ SE of triplicates. *Significantly different from TNF ϩ CPT-treated vector cells. F: cells were exposed to TNF ϩ CPT in the presence or absence of SB-203580 (10 M) for 4 h, and DNA fragmentation was measured to assay apoptosis. Values are means Ϯ SE of triplicates. *Significantly different from TNF ϩ CPT-treated cells. 46 ). In our experiments, the activities of caspases followed the order caspase-3 Ͼ caspase-9 Ͼ caspase-8, and the activity of caspase-3 was approximately the sum of the activities of caspases-8 and -9 (Fig. 1C) . Furthermore, the more pronounced inhibition of apoptosis induced by TNF ϩ CPT by the caspase-8 inhibitor than by the caspase-9 inhibitor suggests a dominant role for caspase-8 (Fig. 1, C and D) . JNK1/2 has been shown to augment caspase-8-mediated cleavage of Bid, leading to the formation of a novel product called jBid, which increases mitochondria-mediated caspase-9 activation and apoptosis (15, 42) . In this study, we have not explored the mechanism by which JNK1/2 induces apoptosis; however, we showed previously that TNF-␣ ϩ CHX induced apoptosis in a JNK-dependent manner by activating caspase-8, leading to the release of cytochrome c from mitochondria and subsequent activation of caspase-9 (4, 5). Since JNK1/2 is activated downstream of the TNF receptor, inhibition of caspase-8 activity by SP-600125 suggests a role for JNK1/2 in caspase-8-mediated cleavage of Bid. Although CPT alone induced caspase-8 activity largely independently of JNK1/2 (37), activation was approximately twofold higher in response to TNF ϩ CPT, further confirming the involvement of JNK1/2 in caspase-8-mediated apoptosis (Figs. 1C and 3D ).
Inhibition of JNK1/2 sensitized cells to CPT-induced apoptosis, suggesting that basal JNK1/2 activity is essential to survival of cells (Fig. 4) , confirming our previous study (7) . The transient early activation of JNK1/2 and ERK1/2 in response to TNF-␣ might trigger survival signals and, therefore, failed to induce apoptosis. Furthermore, the failure of exposure of cells to TNF ϩ CPT for 30 min (Fig. 3, A and B) to induce apoptosis suggests that the activation of initial signaling events was not sufficient. The increase in JNK1/2 and ERK1/2 activities within 15 min by TNF ϩ CPT, but not by CPT, suggests that TNF-␣ activates their upstream kinases, MEKK4/7 and MEK1, respectively. These data imply that MEKK4/7 might be crucial for the sustained activation of JNK1/2 and, thereby, apoptosis. Although exposure to TNF ϩ CPT for 4 h is essential for the induction of apoptosis and JNK1/2 activation, the predominant role of TNF-␣ appears to be in the initial activation of JNK1/2. JNK1/2 and caspase-9 and -3 activities were similar in cells exposed to TNF for 4 h when CPT was present at 0 and 0.5 h (Fig. 4, bars B and C) . However, delaying the exposure to TNF-␣ for 30 min in CPT-exposed cells resulted in less apoptosis and activation of caspases than in the cells in which CPT exposure was delayed (Fig. 4, cf. 
bars C and F).
Inhibition of MEKK4/7 significantly decreased (ϳ45%) TNF ϩ CPT-induced apoptosis and decreased the activation of caspases (Fig. 5) , reaffirming the role of MEKK4/7-mediated JNK1/2 activation in apoptosis. However, inhibition of MEKK4/7 after the onset of JNK1/2 activity (1 h after TNF ϩ CPT) had little effect on DNA fragmentation (Fig. 5, bar F) . Furthermore, after 1 h of exposure to TNF ϩ CPT, the JNK inhibitor failed to eliminate JNK1/2 activity, caspase-3 activity, and apoptosis (Fig.  5, bar H) . These results imply that the sustained phosphorylation of JNK1/2 was largely independent of MEKK4/7 and suggested that the deactivation of JNK1/2 might be inhibited.
It is well known that dual-specificity MKPs play an important role in regulating the activities of the MAPKs (27) . The balance between MAPKs and MKPs determines whether cells survive or undergo apoptosis (43, 45, 50) . MKP1 is overexpressed in many types of cancer cells (28, 30) . The inducible nuclear phosphatase MKP1 was originally characterized as an ERK2 phosphatase in vitro and in vivo (17, 29, 36) . However, it was subsequently shown to have activity against JNK (SAPK1) and p38 (SAPK2) in vitro and in vivo (9, 41) . MKP1 is able to form physical complexes with MAPK isoforms, which results in the catalytic activity of MKP1. The correlation of the substrate selectivity, quantitative binding, and catalytic activation of MKP1 indicates that JNK is a preferred substrate for MKP1 in vivo (41) . Expression of MKP1 protects cells against JNK-mediated apoptosis (18, 39, 40, 48) . ERK1/2 and Fig. 7 . MKP1 small interfering RNA (siRNA) potentiates TNF ϩ CPTinduced JNK1/2 activity and apoptosis. IEC-6 cells grown to 70% confluence were transfected with MKP1-specific and control siRNA and serum-starved for 24 h. Transfected cells were left untreated or exposed to TNF ϩ CPT for 2 h. Cell extracts were analyzed by Western blot to detect levels of MKP1, phosphorylated and total JNK1/2, p38, and ERK1/2, procaspases-9 and -3, and active caspases-9 and -3. Actin immunoblotting was performed as an internal control for equal loading. Representative blots from 3 experiments are shown. JNK1/2 have been shown to phosphorylate and, thereby, stabilize MKP1 (9, 10, 27) . Thus the increased levels of MKP1 in response to CPT might be due to its stabilization by active ERK1/2 in TNF ϩ CPT-treated cells (Figs. 2D and 6A ). As stated above, the catalytic activity of MKP1 depends on the availability of specific substrate. The lack of active JNK1/2 in response to CPT might explain the decreased MKP1 activity in CPT-treated cells (Fig. 6C) . Consistent with the above-described findings, we found that decreased expression of MKP1 enhanced JNK1/2 and p38 activity, the activation of caspases-9 and -3, and apoptosis in response to TNF ϩ CPT (Fig. 7) . Furthermore, increased MKP1 activity by TNF-␣ within 15 min might be responsible for preventing the sustained JNK1/2 activity and apoptosis (Fig. 6) . However, CPT significantly inhibited MKP1 activity (Fig. 6) . Thus TNF-␣ appears to activate MEKK1/MEKK4/7 and, thereby, increases ERK1/2 and JNK1/2 activities, and CPT prevents the deactivation of TNF-induced JNK1/2 activity. These data indicate that MKP1 is responsible for the sustained activation of JNK1/2 over the 4-h response to TNF ϩ CPT.
Taken together, our data show that simultaneous activation of MEKK4/7 and MKP1 by TNF-␣ leads to a transient increase in JNK1/2 activity, which does not cause apoptosis in IEC-6 cells. CPT induced apoptosis by increasing p53-dependent Bax expression and caspase-8, -9, and -3 activities (4, 7). CPT inhibited MKP1 activity and induced apoptosis without activating MEKK4/7 and, thereby, JNK1/2. Thus sustained JNK1/2 activity in response to TNF ϩ CPT results from the activation of MEKK4/7 by TNF-␣ and the deactivation of MKP1 by CPT. Increased activities of JNK1/2, p38, and caspases-8 and -9 by TNF-␣ in the presence of CPT indicate that SAPKs (JNK and p38) regulate a step upstream of caspase-8 and -9 activation. Although CPT increased Bax expression, it is sequestered in the cytoplasm by Bcl-2. JNK1/ 2-mediated phosphorylation of Bcl-2 prevents its association with Bax, allowing the increased translocation of Bax to mitochondria, causing extensive release of cytochrome c, leading to a higher level of caspase-9 activation. Active caspase-9 cleaves procaspase-8, which generates tBid and amplifies the mitochondrial permeability transition and the activation of caspases.
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